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Initiation of RPS2-Specified Disease Resistance
in Arabidopsis Is Coupled to the AvrRpt2-Directed
Elimination of RIN4
be specifically recognized by NB-LRR proteins via an
as yet undefined molecular mechanism.
The specificity of a given R protein for a cognate
pathogen effector protein has led to the suggestion that
R proteins evolved as specific receptors for particu-
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lar pathogen-derived molecules (Baker et al., 1997;
Staskawicz et al., 1995). In this model, NB-LRR proteins
Summary
initiate a signal transduction cascade upon direct bind-
ing to their cognate, pathogen-derived ligand(s). How-
Plants have evolved a sophisticated innate immune
ever, despite extensive experimentation, observations
system to recognize invading pathogens and to induce
of direct binding by effector proteins to NB-LRR R pro-
a set of host defense mechanisms resulting in disease teins remain the exception rather than the rule (Jia et
resistance. Pathogen recognition is often mediated al., 2000). On the contrary, experimental evidence from
by plant disease resistance (R) proteins that respond several different NB-LRR genes suggests an indirect
specifically to one or a few pathogen-derived mole- mode of pathogen recognition (reviewed in Bonas and
cules. This specificity has led to suggestions of a re- Lahaye, 2002; Dangl and Jones, 2001). For example, in
ceptor-ligand mode of R protein function. Delivery of tomato both the Prf NB-LRR protein and the serine-
the bacterial effector protein AvrRpt2 by Pseudomo- threonine protein kinase Pto are required for recognition
nas syringae specifically induces disease resistance of two distinct Pseudomonas syringae pv. tomato (Pst)
in Arabidopsis plants expressing the RPS2 R protein. effector molecules, AvrPto and AvrPtoB (Kim et al., 2002;
We demonstrate that RPS2 physically interacts with Martin et al., 1993; Salmeron et al., 1996). Both AvrPto
Arabidopsis RIN4 and that AvrRpt2 causes the elimina- and AvrPtoB physically interact not with the NB-LRR
tion of RIN4 during activation of the RPS2 pathway. protein Prf, but with the kinase Pto in a yeast two-hybrid
AvrRpt2-mediated RIN4 elimination also occurs in the system (Kim et al., 2002; Tang et al., 1996). A similar set
rps2, ndr1, and Atrar1 mutant backgrounds, demon- of molecules is required for the perception of the Pst
strating that this activity can be achieved independent effector molecule AvrPphB by Arabidopsis; both the NB-
of an RPS2-mediated signaling pathway. Therefore, LRR protein RPS5 and the putative serine-threonine ki-
we suggest that RPS2 initiates signaling based upon nase PBS1 are necessary for specific recognition of
perception of RIN4 disappearance rather than direct AvrPphB expressing pathogens (Swiderski and Innes,
recognition of AvrRpt2. 2001; Warren et al., 1998). AvrPphB is a cysteine prote-
ase and a member of a conserved family of TTSS-
secreted effector molecules from both animal and plantIntroduction
pathogens (Shao et al., 2002). The protease activity of
AvrPphB is necessary for RPS5/PBS1 mediated recog-The evolution of innate immunity in higher plants has
nition, and it has been suggested that AvrPphB-medi-culminated in a molecular surveillance system capable
ated proteolysis of PBS1 is the molecular trigger for theof recognizing bacterial effector proteins delivered to
activation of RPS5 (Schneider, 2002; Shao et al., 2002).the plant cell via a type-III secretion system (TTSS;
In both of these cases, the available data could be inter-Hueck, 1998; Dangl and Jones, 2001; Staskawicz et al.,
preted as consistent with a model where the NB-LRR2001). Plant recognition of bacterial effector proteins
proteins become active because of the action of anand activation of host defense mechanisms is often
effector molecule on a third host protein rather than aspecified by disease-resistance (R ) genes encoding
direct interaction with the NB-LRR protein itself.members of a superfamily of nucleotide binding site
The most compelling example of indirect pathogenand leucine-rich repeat (NB-LRR) containing proteins
recognition by an NB-LRR protein to date is the Arabi-(Meyers et al., 1999). Upon activation by their cognate
dopsis RPM1 protein. RPM1 serves to recognize twoeffector proteins, NB-LRR proteins initiate a suite of
sequence-unrelated Pst effector proteins, AvrB anddefense responses that limit pathogen growth such as
AvrRpm1 (Grant et al., 1995). The Arabidopsis RIN4 pro-cell wall strengthening, production of reactive oxygen
tein was discovered in a yeast two-hybrid screen for
species, the induction of pathogenesis-related (PR) pro-
plant proteins that interact with AvrB, and subsequently
teins, and a form of programmed cell death termed the
shown to coimmunoprecipitate with AvrB, AvrRpm1,
hypersensitive response (HR). In the absence of R-pro- and the NB-LRR protein RPM1 in vivo (Mackey et al.,
tein recognition, TTSS effectors increase pathogen fit- 2002). AvrB and AvrRpm1 cause hyperphosphorylation
ness by modifying host physiology or suppressing de- of RIN4 independent of RPM1 during infection, which
fense pathways, leading to disease and bacterial was suggested to reflect the virulence activity of these
multiplication. (Chen et al., 2000; Guttman and Green- effector molecules (Mackey et al., 2002). Additionally,
berg, 2001; Kearney and Staskawicz, 1990; Ritter and “knock-down” alleles of rin4 with reduced levels of RIN4
Dangl, 1995). TTSS delivery of effectors implies that protein demonstrate a constitutive activation of defense
bacterial proteins enter the host cytosol where they can responses in the absence of pathogens, implying that
the normal function of RIN4 is as a negative regulator
of defense responses. These data suggest a model in*Correspondence: stask@nature.berkeley.edu
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which AvrB and AvrRpm1 modify RIN4 to interfere with dopsis plants expressing the bacterial effector protein
AvrRpt2 under the transcriptional control of the weakits regulation of defense responses, but the RIN4 modifi-
cations are perceived by RPM1, which subsequently RPS2 native 5 genomic DNA sequence (Chen et al.,
2000). Such plants allow increased growth of virulenttriggers disease resistance (Mackey et al., 2002). In this
model, RPM1 recognizes and responds to biochemical Pst while abrogating the function of the RPM1 disease
resistance gene, indicating that AvrRpt2 acts a virulenceperturbations of a host protein wrought by pathogen
effectors, rather than by direct binding of the effectors factor from within the plant cell in the absence of RPS2
recognition and is able to interfere with the function ofthemselves.
We set out to study the molecular mechanism of RPM1. Attempts to detect AvrRpt2 protein in these
plants with polyclonal antisera failed, presumably duepathogen recognition by the Arabidopsis NB-LRR pro-
tein RPS2, which functions to recognize the Pst TTSS to a very low expression level (data not shown); there-
fore, we also generated transgenic Arabidopsis plantseffector protein AvrRpt2 (Bent et al., 1994; Innes et al.,
1993; Mindrinos et al., 1994). Herein, we report that RPS2 expressing HA-tagged avrRpt2 from the control of the
RPS2 native promoter in the rps2-101C background (seerecognition also correlates with an effector protein in-
duced modification of RIN4. We demonstrate that Experimental Procedures; Figure 1A). An avrRpt2-HA
line was isolated that, like the untagged line of Chen etAvrRpt2 causes the posttranscriptional elimination of
RIN4 concurrent with RPS2 activation. Elimination of al. (2000), lacked the ability to restrict the growth of Pst-
avrRpm1 (Figure 1C). Our AvrRpt2-HA line expressedRIN4 can occur in the absence of RPS2 or an intact
RPS2 signaling pathway and is therefore upstream of a detectable amount of AvrRpt2-HA at the expected
molecular weight for the N-terminal processed formRPS2 function. RPS2 and RIN4 are physically associ-
ated in planta prior to infection, implying that RPS2 rec- which is sufficient for AvrRpt2 function in planta (Figure
1D; Mudgett and Staskawicz, 1999). The suppressionognition of AvrRpt2-delivering pathogens may be the
result not of a direct molecular interaction between of RPM1-mediated disease resistance and the detection
of properly processed AvrRpt2-HA are consistent withRPS2 and AvrRpt2, but of the elimination of the RPS2-
bound RIN4 protein. previously reported phenotypes for functional AvrRpt2
(Chen et al., 2000; Mudgett and Staskawicz, 1999) and
lead us to conclude that AvrRpt2-HA expressed fromResults
within the plant cell mimics the biological function of
the native effector protein.RPS2-HA and AvrRpt2-HA Transgenic Plants
Express Functional, Detectable Proteins
To study the RPS2 disease resistance protein in planta, RPS2-HA and AvrRpt2-HA Are Membrane-
Associated Proteinswe constructed stable transgenic Arabidopsis plants
expressing RPS2 fused with a C-terminal HA epitope RPS2 was proposed to be a soluble protein based upon
site-directed mutagenesis of a possible trans-mem-tag in the rps2 null background rps2-101C (Harlow and
Lane, 1999; Mindrinos et al., 1994). To approximate the brane region and in vitro experiments (Leister et al.,
1996). In contrast, the related NB-LRR disease-resis-physiological levels of RPS2 gene expression and to
avoid the lethality observed with overexpression of tance protein RPM1 has been shown to be a plasma
membrane-associated protein whose subcellular local-RPS2 (Tao et al., 2000), the transgene was placed under
the transcriptional control of its native 5 and 3 genomic ization matches that of the bacterial effector proteins
to which it responds (Boyes et al., 1998; Nimchuk et al.,DNA sequences (Bent et al., 1994; Figure 1A). The RPS2-
HA transgene complements the rps2-101C null mutation 2000). To empirically determine the subcellular localiza-
tion of functional RPS2 within plant cells, we first frac-as demonstrated by the restricted growth of Pst-avrRpt2
(Figure 1B). We noted that the RPS2-HA lines tested tionated crude lysates from RPS2-HA transgenic plants
into soluble and total membrane fractions. RPS2-HArestricted the growth of Pst-avrRpt2 to a greater degree
than wild-type plants carrying native RPS2. We also from two independent transgenic lines is detected ex-
clusively in a total membrane fraction (Figure 2A). Fur-observed that the RPS2-HA transgenic plants re-
sponded with visible tissue collapse more rapidly than ther subfractionation of total membranes using a poly-
ethylene glycol 4000/Dextran T-500 aqueous two-phasewild-type (5 hr versus 21 hr) after inoculation of high
densities of Pst-avrRpt2 (data not shown). We suspect system allowed us to derive a membrane fraction selec-
tively enriched for plasma membranes (Schaller and De-this apparently heightened activity of the transgene to
be due to a greater expression level of RPS2. However, Witt, 1995). RPS2-HA partitions with proteins known to
reside in the plasma membrane, indicating that RPS2-the RPS2-HA transgene does not cause a general in-
crease in bacterial disease resistance, since the non- HA is a plasma membrane-associated protein (Figure
2B). We tested whether RPS2-HA remained membrane-recognized virulent Pst-EV strain proliferates to the
same level as in wild-type and rps2-101C plants (Figure associated during pathogenesis by high-density bacte-
rial inoculations with a virulent, non-recognized strain,1B). Immunoblotting crude lysates from several comple-
menting RPS2-HA lines with anti-HA monoclonal anti- Pst-EV; the RPS2-HA recognized strain Pst-avrRpt2;
and strains recognized by other Arabidopsis NB-LRRbodies revealed a transgene-specific species at approx-
imately 110 kDa, which corresponds closely to the genes (Pst-avrRpm1 and Pst-avrPphB; recognized by
RPM1 and RPS5, respectively). As shown in Figure 2C,predicted molecular weight of 105.8 kDa (Figure 1D).
Line 52 had the highest apparent expression of RPS2- RPS2-HA clearly remains associated with a total mem-
brane fraction after inoculation with all strains tested.HA, and was used for further study.
Chen and colleagues described transgenic Arabi- We also noted that, in contrast to the NB-LRR protein
Indirect Recognition in Plant Innate Immunity
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Figure 1. RPS2-HA and AvrRpt2-HA Trans-
genic Plants Express Functional, Detectable
Proteins
(A) Schematic diagrams of transgene con-
structs. P(RPS2): RPS2 native 5 untranslated
region. T(RPS2): RPS2 native 3 untranslated
region. T(OCS): Octopine synthase termi-
nator.
(B) RPS2-HA complements the rps2-101C
null mutant. Quantification of virulent Pst (left
image) and Pst-avrRpt2 (right image) growth
in Arabidopsis seedlings after vacuum infil-
tration. Two independent RPS2-HA trans-
genic lines complement the rps2-101C muta-
tion by restriction of Pst-avrRpt2 growth.
(C) AvrRpt2-HA is able to compromise the
function of the RPM1 resistance gene. Repre-
sentative leaf symptoms 5 days after low-
density pathogen inoculation with Pst-
avrRpm1. AvrRpt2-HA expressing transgenic
plants show a defect in RPM1 function.
(D) RPS2-HA and AvrRpt2-HA are detectable
from transgenic plants. HA immunoblot anal-
ysis against total crude lysates (20 g pro-
tein/lane) derived from two RPS2-HA and one
AvrRpt2-HA transgenic plant line. Numbers
on left and marks on blot indicate size stan-
dards in kDa.
RPM1 that is eliminated during pathogen recognition the two P. syringae effector proteins that RPM1 recog-
nizes, AvrB and AvrRpm1 (Mackey et al., 2002). RIN4(Boyes et al., 1998), RPS2-HA remains detectable during
both its own activation and activation of other NB-LRR is a membrane-associated protein with no significant
homology to any protein of known function. RIN4 ap-proteins (Figure 2C). Therefore, the membrane associa-
tion and abundance of RPS2-HA does not significantly pears to be hyperphosphorylated in the presence of
AvrB and AvrRpm1 and is required for the stability ofchange during infection. We tested whether RPS2-HA
could be removed from membranes under conditions RPM1 protein, leading to the hypothesis that RPM1 is
known to solubilize peripheral membrane proteins. activated in response to the AvrB or AvrRpm1-mediated
Treatment of total membranes with 1.5 M NaCl, 100 mM phosphorylation of RIN4. As discussed above, trans-
Na2CO3 [pH 11], or 2 M urea all were able to solubilize the genic plants expressing either AvrRpt2 (Chen et al.,
peripheral membrane protein ATPase F1, but unable to 2000) or AvrRpt2-HA (Figure 1C) lose RPM1 function.
solubilize the integral membrane protein SEC12 (Figure The ability of AvrRpt2 to interfere with RPM1 function
2D). None of the treatments capable of removing ATPase has also been observed during bacterial infection (Ritter
F1 from the membrane fraction significantly affected and Dangl, 1996). Since the RIN4 protein is required for
the membrane association of RPS2-HA. However, con- the stability of RPM1, we examined whether the abroga-
trol treatments using 1% SDS were able to solubilize tion of RPM1 function in AvrRpt2-expressing transgenic
RPS2-HA completely, indicating that the inability to re- plants correlates with a loss of the RIN4 protein. We
move RPS2-HA from membranes using gentler treat- immunoblotted crude lysates from AvrRpt2 and
ments does not reflect the formation of insoluble aggre- AvrRpt2-HA transgenic plants using a RIN4 polyclonal
gates (data not shown). Therefore, RPS2-HA behaves antisera and found that while RIN4 was abundant in
like an integral membrane protein, as high salt, high pH, wild-type and rps2-101C control lysates, it was not de-
or urea were unable to release it from membranes. Since tected in either AvrRpt2-expressing line (Figure 3A). This
RPS2-HA appears to function at the plasma membrane, effect is posttranscriptional since the levels of RIN4
we examined whether AvrRpt2-HA also was membrane- mRNA are equivalent in wild-type, rps2-101C, and
associated in our transgenic plants. Figure 2E shows AvrRpt2/rps2-101C plants (Figure 3B). Therefore, AvrRpt2
that functional AvrRpt2-HA expressed within stable either causes the degradation of RIN4 or inhibits the
transgenic plants fractionates with total membranes. translation of the RIN4 mRNA.
The similar subcellular localization of AvrRpt2 and RPS2 To test whether AvrRpt2-mediated elimination of RIN4
suggests that the two may be in close proximity during also occurs during bacterial pathogenesis, we inocu-
infection. lated high densities of Pst-avrRpt2 into wild-type Arabi-
dopsis leaves followed by RIN4 immunoblotting. As
shown in Figure 3C (Col-0 treatments), Pst-avrRpt2 spe-AvrRpt2 Eliminates the Arabidopsis RIN4 Protein
by a Posttranscriptional Mechanism cifically causes the elimination of the RIN4 protein during
the infection process. The AvrRpt2-elimination of RIN4The RIN4 protein was discovered based on its ability to
interact with the disease resistance protein RPM1 and can proceed in the absence of functional RPS2, since
Cell
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1997; Muskett et al., 2002; Tornero et al., 2002). We
tested whether either of these genes, which are required
for RPS2 function, are also required for AvrRpt2-medi-
ated elimination of RIN4. As shown in Figure 3C, RIN4
is not detected in either the ndr1-1 and Atrar1-20 back-
grounds after exposure to Pst-avrRpt2. We therefore
conclude that neither RPS2 nor an intact RPS2 signaling
pathway is necessary for AvrRpt2-mediated elimination
of RIN4. We also noted that no detectable RIN4 break-
down products were observed via immunoblot as the
elimination of RIN4 took place following bacterial inocu-
lation (data not shown). Curiously, we observed an ap-
proximately 65 kDa band recognized by the polyclonal
antisera sera that was induced by pathogens regardless
of the presence of avrRpt2 (Figure 3C, *). A Pst strain
lacking a functional TTSS did not induce the production
of this band, nor was this species observed in uninfected
transgenic AvrRpt2-expressing plants (data not shown).
Bacterial inoculation of a transgenic line overexpressing
a T7 epitope-tagged RIN4 (T7-RIN4; Mackey et al., 2002)
showed that the 65 kDa species does not have a detect-
able N-terminal T7 tag (data not shown). Therefore, we
have not conclusively determined whether this speciesFigure 2. RPS2-HA and AvrRpt2-HA Are Membrane-Associated
Proteins is an alternative form of RIN4 with a modified N terminus
or another pathogen-induced protein that crossreacts(A) RPS2-HA is a membrane-associated protein. Immunoblots of
total protein (T) from RPS2-HA plants fractionated into soluble (S) with the RIN4 antisera.
and membrane (M) samples by ultracentrifugation at 150,000 gmax.
SEC12: control integral membrane protein; NptII: control soluble Non-Recognized Mutant Alleles of avrRpt2
protein. The membrane fraction is 5 concentrated relative to solu-
Are Incapable of RIN4 Eliminationble and total.
The ability of AvrRpt2 to mediate the elimination of RIN4(B) RPS2-HA is a plasma membrane protein. Immunoblots of frac-
tions derived from aqueous two-phase partitioning of total mem- suggested to us that RPS2 initiates defense responses
branes (Input) derived from RPS2-HA plants. Endo: plasma mem- as a result of RIN4 disappearance. We tested this hy-
brane depleted fraction. PM: Plasma membrane enriched fraction; pothesis by inoculating wild-type plants with Pst strains
SKU5: Plasma membrane control protein; SEC12: Endoplasmic re- expressing four avrRpt2 alleles that are not recognized
ticulum control protein; VPPase: Tonoplast control protein; Mannos-
by RPS2 (Axtell et al., 2001). If elimination of RIN4 is theidase: Golgi control protein. 5 g total protein loaded per fraction.
indeed the trigger for initiation of RPS2 signaling, then(C) RPS2-HA remains membrane bound during activation and patho-
genesis. RPS2-HA transgenic plants were vacuum infiltrated with a avrRpt2 alleles unrecognized by RPS2 would not be
high-density of the indicated pathogen treatment and sampled at expected to eliminate RIN4. Figure 3D shows that none
0 and 24 hr post-infiltration. Total protein extracts from each sample of the avrRpt2 mutant alleles tested eliminated RIN4.
were fractionated into soluble (S) and total membrane (M) fractions On the contrary, the C122Y;G131D, G141R, and G194E
by ultracentrifugation at 150,000  gmax. Anti-HA immunoblots were
alleles caused an increase in the steady-state levels ofthen performed against each sample. Each sample was prepared
RIN4, while the G194R allele caused no apparent changefrom an aggregate of 15–20 identically treated leaves. Membrane
samples are 5 concentrated relative to the soluble. Note that in RIN4 levels. Therefore, the non-recognition of these
RPS2-HA functions only in the Pst-avrRpt2 treatment, while the NB- avrRpt2 alleles by RPS2 correlates with an inability to
LRR proteins RPM1 and RPS5 function in the Pst-avrRpm1 and Pst- eliminate RIN4 and is consistent with the hypothesis
avrPphB treatments, respectively. that RPS2 initiates defense responses as a result of the
(D) RPS2-HA behaves as an integral membrane protein. Immu-
disappearance of RIN4.noblots of soluble (S) and membrane (M) fractions derived from
RPS2-HA total membranes after treatment with the indicated buff-
ers. SEC12: control integral membrane protein; ATPase F1b: control RPS2-HA and T7-RIN4 Interact in Planta
peripheral membrane protein. Soluble and membrane fractions are To further test the hypothesis that RPS2 initiates signal-
loaded at an equal ratio. ing as a result of RIN4 disappearance, we assayed for
(E) AvrRpt2 is a membrane-associated protein. HA Immunoblots of
a physical interaction between RPS2 and RIN4. To facili-total protein (T) from AvrRpt2-HA plants fractionated into soluble
tate the study of a possible RPS2/RIN4 interaction, T7-(S) and membrane (M) samples by ultracentrifugation at 150,000 
RIN4 plants (Mackey et al., 2002) were crossed to RPS2-gmax. SEC12: control integral membrane protein; NptII: control solu-
ble protein. The membrane fraction is 5 concentrated relative to HA plants to generate F1 hybrid lines expressing both
soluble and total. RPS2-HA and T7-RIN4. Tissue from these F1 hybrid lines
was used as the source material for immunoprecipita-
tion (IP) experiments. Control IPs using anti-HA recov-
ered RPS2-HA from RPS2-HA tissue, but no crossreact-it occurs in the rps2-101C background. The function of
RPS2 also requires both NDR1, encoding a putative ing species from T7-RIN4 tissue (Figure 4; lanes 2 and
6). Conversely, control IPs using anti-T7 recovered T7-membrane-bound protein, and AtRAR1, encoding a pro-
tein hypothesized to be an accessory protein within an RIN4 from T7-RIN4 tissue, but only a weak non-specific
crossreacting species was seen using RPS2-HA tissueSCF-type E3 ubiquitin ligase complex (Century et al.,
Indirect Recognition in Plant Innate Immunity
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Figure 3. AvrRpt2 Eliminates RIN4 Indepen-
dent of the RPS2 Pathway
(A) RIN4 is absent in AvrRpt2-expressing
transgenic plants. RIN4 immunoblot of crude
extracts from AvrRpt2 and AvrRpt2-HA trans-
genic plants and controls. Sixty g total pro-
tein was loaded per lane.
(B) RIN4 mRNA levels are similar to wild-type
in AvrRpt2-expressing transgenic plants.
RNA blot probed with a radiolabeled RIN4
cDNA probe upon 12 g total RNA from each
genotype using standard procedures (Ausu-
bel et al., 1994). rRNA: ethidium bromide
staining of total RNA samples as loading
control.
(C) RIN4 is eliminated by AvrRpt2 during
pathogen infection. RIN4 immunoblots of to-
tal protein samples derived from leaves of the
indicated plant genotypes 0 and 24 hr after
high-density syringe inoculation of either Pst
or Pst-avrRpt2. : RIN4; *: induced anti-RIN4
cross-reactive band. Numbers on the right
indicate size standards in kDa. Each sample
combines at least 4 identically treated leaves
and contains 30 g total protein.
(D) RIN4 is not eliminated by alleles of avrRpt2 that are not recognized by RPS2. RIN4 immunoblots of total protein samples derived from
wild-type Col-0 leaves 0, 12, and 24 hr after high-density syringe inoculation with the indicated pathogen strain. Each sample combines at
least 9 identically treated leaves and contains 30 g total protein.
(Figure 4; lanes 4 and 8). When using hybrid RPS2-HA/ that are not recognized by RPS2 fail to eliminate RIN4.
The AvrRpt2-mediated disappearance of RIN4 does notT7-RIN4 lysates in IPs, anti-HA precipitated both RPS2-
HA and T7-RIN4 (Figure 4; lanes 10 and 14). The recipro- depend upon RPS2, or upon NDR1 and AtRAR1, both
of which are required for RPS2 signaling. Therefore,cal experiment using anti-T7 was also able to precipitate
both T7-RIN4 and RPS2-HA from hybrid lysates (Figure the elimination of RIN4 by AvrRpt2 correlates with the
initiation of RPS2 defense responses. These data sug-4; lanes 12 and 16). We also were able to precipitate
RPS2-HA using anti-RIN4 from either RPS2-HA or RPS2- gest a model in which RPS2-mediated pathogen recog-
nition functions not by direct binding of AvrRpt2, butHA/T7-RIN4 (Figure 4; lanes 3, 11, and 15). Based upon
these data, we conclude that RPS2 and RIN4 are directly indirectly as a result of the disappearance of RIN4 (Fig-
ure 5A).or indirectly associated within the plant cell. The physi-
cal interaction of RPS2 and RIN4 is consistent with the The plasma membrane association of RPS2 is unex-
pected since its inferred amino acid sequence is largelyplasma membrane localization of RPS2, since RIN4 is
also a plasma membrane-associated protein (Mackey hydrophilic with no obvious motifs suggestive of a dis-
tinct subcellular localization. RPS2 possesses a regionet al., 2002; data not shown).
of hydrophobicity that initially lead to the speculation
that it was a membrane-integrated protein (MindrinosDiscussion
et al., 1994). However, interruption of this region of hy-
drophobicity via site-directed mutagenesis did not abol-We have demonstrated that the disease-resistance pro-
tein RPS2 is physically associated with RIN4 at the ish the function of RPS2, and RPS2 transcribed and
translated in vitro had properties of a soluble protein inplasma membrane of living cells. In the presence of the
Pseudomonas syringae effector protein AvrRpt2, either a rabbit reticulocyte lysate and dog pancreatic micro-
some-based import assay (Leister et al., 1996). Thus,expressed from a plant transgene or when delivered to
the host cell during pathogenesis, RIN4 is eliminated in RPS2 was hypothesized to function within the plant cy-
tosol as a soluble protein. However, we present directa posttranscriptional manner. Mutant alleles of avrRpt2
Figure 4. RPS2-HA and T7-RIN4 Interact In
Vivo
Immunoblots of immunoprecipitated proteins
from the indicated tissue sources. IP indi-
cates antibody used for immunoprecipitation.
Top image: HA-HRP immunoblot; Bottom im-
age: T7-HRP immunoblot. Note that anti-T7
precipitates RPS2-HA and anti-HA precipi-
tates T7-RIN4 only in RPS2-HA/T7-RIN4 hy-
brid tissue.
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Figure 5. Model for Indirect Recognition of
Pathogens by RPS2 and RPM1
(A) TTSS delivery of AvrRpt2 by Pst results in
the elimination of RIN4 at the plasma mem-
brane. This in turn is recognized by the pre-
viously RIN4-bound RPS2 causing the activa-
tion of RPS2-dependent disease resistance
responses. A second consequence of RIN4
elimination is elimination of RPM1, account-
ing for the AvrRpt2-mediated destruction of
RPM1 function.
(B) Delivery of either AvrRpm1 or AvrB by Pst
results in the phosphorylation of RIN4, which
is in turn recognized by the RIN4-bound
RPM1 resistance protein, resulting in the acti-
vation of RPM1-dependent disease resis-
tance responses.
in vivo evidence that functional, epitope-tagged RPS2 tions as a negative regulator of defense responses
based upon the fact that rin4 null mutants were lethal,is a plasma membrane protein. Unlike the related NB-
LRR protein RPM1, RPS2-HA proved impossible to re- and rin4 lines with reduced levels of RIN4 demonstrated
a phenotype consistent with constitutive activation ofmove from membranes using mild treatments capable
of disrupting peripheral membrane proteins (Boyes et defense responses (Mackey et al., 2002). We were there-
fore surprised to discover that stable transgenic plantsal., 1998). Thus, RPS2-HA has the biochemical proper-
ties of an integral membrane protein without an obvious expressing the AvrRpt2 or AvrRpt2-HA protein were
RIN4 protein null without any activation of defense re-integral membrane primary structure. We believe that
these fractionation data are not due to mislocalization sponses. In fact, these plants displayed the opposite
phenotype of enhanced disease susceptibility to bacte-of an aberrantly expressed transgene since RPS2-HA
was expressed from the RPS2 native promoter, fully rial pathogens (Chen et al., 2000). These apparently con-
tradictory results could be explained by a scenario incomplemented for RPS2 function, and had none of the
constitutive defense responses that would be expected which RIN4 depletion results in activation of RPS2 and
subsequent activation of defense responses. This isfrom overexpressed RPS2. These observations, com-
bined with the fact that the other components required consistent with our hypothesis for indirect recognition
of AvrRpt2 by RPS2 via RIN4 disappearance; rin4 null/for RPS2 function (AvrRpt2 and RIN4) are also mem-
brane proteins, argue that RPS2-mediated pathogen RPS2 plants are not viable due to constitutive activation
of RPS2-dependent defense responses. In contrast, therecognition takes place at the plasma membrane.
The RIN4 protein was identified by Mackey and col- AvrRpt2 or AvrRpt2-HA expressing stable transgenic
plants are in the rps2-101C background, which allowsleagues in a yeast two-hybrid screen for AvrB-inter-
acting proteins and was subsequently shown to interact for full elimination of RIN4 without associated RPS2-
dependent defense responses. Consistent with thisnot only with AvrB, but also with the Pst effector protein
AvrRpm1, and the NB-LRR protein that recognizes both idea, Mackey and colleagues have demonstrated in an
accompanying report that viable rin4 null plants can beeffectors, RPM1 (Mackey et al., 2002). It was hypothe-
sized that RPM1-mediated recognition depends upon recovered in an rps2-101C background (Mackey et al.,
2003 [this issue of Cell]). It is therefore reasonable tomodification of RIN4, since RIN4 appears to become
hyperphosphorylated in the presence of either AvrB or suggest that the constitutive defense responses ob-
served in plants with reduced levels of RIN4 (MackeyAvrRpm1 (Figure 5B). We have demonstrated that
AvrRpt2 eliminates RIN4, implying that at least three et al., 2002) are due to a constant, low-level activation
of the RPS2-pathway. This hypothesis that RPS2 recog-different Pst effectors have evolved to modify this host
protein during infection. Further, the fact that both RPS2 nition of AvrRpt2 is through perception of RIN4 disap-
pearance also accounts for the previously observedand RPM1 are physically associated with RIN4 leads
to the speculation that at least two disease-resistance AvrRpt2-independent activation of RPS2 when it is over-
expressed (Mindrinos et al., 1994; Tao et al., 2000); inproteins may have evolved to monitor different patho-
gen-induced modifications to RIN4. this case the overabundant RPS2 protein would be ex-
pected to saturate all of the RIN4 in the cell and createMackey and colleagues postulated that RIN4 func-
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a pool of RIN4-unbound RPS2, thus mimicking the ability to generate a combinatorial diversity of immune
AvrRpt2-dependent elimination and activating RPS2- receptors via gene segment joining and are instead en-
mediated defense responses. Similarly, Mackey and col- tirely dependent upon a limited number of germ-line
leagues have also demonstrated that overexpressed T7- encoded molecules for pathogen detection. The fact
RIN4 blocks RPS2 function; this phenomenon may indi- that three P. syringae effector molecules cause two dis-
cate that the pool of overexpressed RIN4 is too large tinct biochemical modifications to RIN4 suggests that
to be affected by AvrRpt2 thus not triggering RPS2- RIN4 may be a common virulence “target” during P.
dependent defense responses (Mackey et al., 2003 [this syringae infection. A major question for future research
issue of Cell]). is the impact on pathogen virulence of the RIN4 modifi-
The observation that RPS2 physically associates with cations induced by P. syringae effector proteins. In
RIN4 prior to AvrRpt2-mediated RIN4 elimination during broader terms, study of the functions of NB-LRR associ-
pathogenesis provides a simple explanation for several ated host proteins may give fruitful insights into con-
earlier observations regarding the relatedness of RPS2 served targets of pathogens and molecular mechanisms
and RPM1-mediated pathogen recognition. Ritter and of pathogenesis itself.
Dangl (1996) demonstrated that avrRpt2 was capable
of preventing RPM1-dependent pathogen recognition Experimental Procedures
in an RPS2-independent manner. Chen et al. (2000) went
Transgenic Plantson to show that avrRpt2-expressing stable transgenic
The RPS2-HA T-DNA construct p4104-HA is identical to the rps2plants showed a complete loss of RPM1 function along
complementing clone p4104 described by Bent et al. (1994) except
with an enhanced basal susceptibility to virulent patho- for the addition of an 81 nucleotide segment between the 3 of the
gens. We hypothesize that the AvrRpt2-mediated elimi- RPS2 open reading frame and the beginning of the RPS2 native 3
nation of RIN4 is the cause of “interference” with RPM1 untranslated region. This linker was added using standard PCR and
subcloning techniques (Ausubel et al., 1994) and is predicted to addfunction, since RIN4 protein levels correlate with RPM1
the amino acid sequence SYPYDVPDYA to the C terminus of RPS2,protein levels (Figure 5A; Mackey et al., 2002). Leister
followed by a stop codon and 48 nucleotides of multiple cloningand Katagiri (2000) observed a weak in vivo interaction
site remnant. The p(RPS2)AvrRpt2-HA T-DNA construct consists
between overexpressed AvrRpt2 and RPS2, as well as of the avrRpt2 open reading frame (Innes et al., 1993) under the
a stronger interaction between the RPM1-recognized transcriptional control of the 1.7 kb 5 untranslated region of RPS2
effector protein AvrB and RPS2. Our data indicate that (Bent et al., 1994) cloned within a modified derivative of the binary
vector pMD1 (Tai et al., 1999), pMD135S. For the construction ofthe initially puzzling interaction of RPS2 and AvrB is
pMD135S, the cauliflower mosaic virus 35S promoter was excisedlikely the result of their association with RIN4 or a RIN4-
from pMD1 as a HindIII/XbaI fragment followed by filling in of thecontaining complex that is bound by RPS2, RPM1, and
resultant overhangs using Klenow fragment of DNA polymerase andthe effector protein AvrB.
subsequent religation of the vector. A PRPS2-avrRpt2-HA construct
Though AvrRpt2-mediated elimination of RIN4 is cor- coding for the addition of the HA epitope SYPYDVPDYA to the C
related with the initiation of RPS2 signaling and RPS2 terminus of AvrRpt2 was prepared using standard PCR and subclon-
physically interacts with RIN4, we cannot rule out alter- ing techniques and inserted into pMD135S as a BamHI/XhoI frag-
ment. All primer and vector sequences are available upon request.native possibilities for RPS2 activation. It remains possi-
Both the p4104-HA and PRPS2-avrRpt2-HA constructs were intro-ble that RPS2 recognizes AvrRpt2 via a direct, ligand-
duced to Agrobacterium tumefacians GV3101 using tri-parentalreceptor mechanism. The direct interaction model has
mating (Figurski and Helinski, 1979) and transformed into rps2-101C
been technically difficult to test due to the extremely Arabidopsis plants by the floral dip method (Bent, 2000). Kanamycin
low level of AvrRpt2 delivery to the plant cell during resistant T1 seedlings were selected on Murashige-Skoog agar sup-
pathogenesis and the inability to produce viable hybrid plemented with 100 g/ml kanamycin, transplanted to soil, and sub-
transgenic plants expressing both AvrRpt2 and RPS2. sequently screened for complementation by pathogen inoculation
and protein presence by anti-HA immunoblot (see below). In theAnother alternative possibility is that RPS2 initiates de-
case of RPS2-HA transgenic plants, lines homozygous for a singlefense responses as a result of an as yet undetermined
transgene locus (as determined by the segregation of kanamycinmolecular perturbation caused by AvrRpt2. In this sce-
resistance) were selected and used for all experiments. For AvrRpt2-
nario, the destruction of RIN4 is a secondary result of HA transgenic lines, only two lines were isolated with functional,
this primary AvrRpt2 activity. However, we feel that detectable AvrRpt2-HA, and both exhibited non-Mendelian segre-
these alternative models are unlikely due to the pheno- gation ratios of kanamycin resistance in subsequent generations.
types of both RPS2 overexpression and RIN4 under-
expression: as discussed above, both of these treat- Pathogen Strains and Inoculations
Pseudomonas syringae pv. tomato strain DC3000 (Pst) was used inments induce defense responses independent of
all pathogen assays (Cuppels, 1986). Virulent Pst contains as aAvrRpt2 (and thus independent of either a direct binding
control the empty vector pVSP61 (DNA Plant Technology, Oakland,to RPS2 or any AvrRpt2 modifications to unknown pro-
CA). Pst strains containing effector proteins carry the following
teins), and taken together suggest that RPS2 signaling derivatives of pVSP61: Pst-avrRpt2, pV288 (Kunkel et al., 1993);
is initiated not on the basis of AvrRpt2 per se, but rather Pst-avrRpm1, pVARM (Bisgrove et al., 1994); Pst-avrPphB,
upon the ratio of RPS2 to RIN4. pVSP61(avrPphB) (Simonich and Innes, 1995). Pst strains with mu-
Our data support an indirect model of plant innate tant alleles of avrRpt2 contained derivatives of pDSK519(navrRpt2)
as described in Axtell et al. (2001). For all pathogen inoculations,immune recognition in which NB-LRR proteins initiate
strains were grown at 28C for 36–48 hr on Pseudomonas Agar Fsignaling as a result of hostile alterations to host proteins
plates (DIFCO) supplemented with 100 g/ml rifampicin and 25caused by pathogen-derived molecules rather than by
g/ml kanamycin, resuspended into 10 mM MgCl2, and diluted to thedirect binding of the pathogen-derived molecules them- appropriate OD600nm. Quantitative measurements of bacterial growth
selves (Bonas and Lahaye, 2002; Dangl and Jones, 2001; were performed according to Tornero and Dangl (2001). Dip inocula-
Schneider, 2002). Such a general mechanism may be tions of Pst were performed at an OD600nm of 0.4 according to the
method of Kunkel et al. (1993), and symptoms were scored 5 daysadvantageous in organisms that have not evolved the
Cell
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after inoculation. High-density syringe infiltrations were performed Immunocomplexes were recovered by centrifugation at 1000 
gmax, washed 5 in buffer A, and resuspended in SDS sample bufferwith a concentration of OD600nm of 0.05 with a needle-less 1 ml sy-
ringe. High-density vacuum infiltrations were performed with a con- prior to SDS-PAGE and immunoblotting.
centration of OD600nm at 0.05 with the use of a vacuum pump and
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